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Abstract
In this paper, we derive the standard model with classical conformal invariance
from the Yang–Mills–Higgs model in noncommutative geometry (NCG). In the or-
dinary context of the NCG, the distance matrix Mnm which corresponds to the
vacuum expectation value of Higgs fields is taken to be finite. However, since Mnm
is arbitrary in this formulation, we can take allMnm to be zero. In the original com-
posite scheme, the Higgs field itself vanishes with the condition Mnm = 0. Then, we
adopt the elemental scheme, in which the gauge and the Higgs bosons are regarded
as elemental fields. By these assumptions, all scalars do not have vevs at tree level.
The symmetry breaking mechanism will be implemented by the Coleman–Weinberg
mechanism.
As a result, we show a possibility to solve the hierarchy problem in the con-
text of NCG. Unfortunately, the Coleman–Weinberg mechanism does not work in
the SM Higgs sector, because the Coleman–Weinberg effective potential becomes
unbounded from below for mt > mZ . However, viable models can be possible by
proper extensions.
1 Introduction
The existence of the Higgs boson [1,2] ask us further questions: e.g., its theoretical origin,
and the hierarchy problem [3]. Among various approaches which try to explain the origin
of the boson, the Yang–Mills–Higgs model in noncommutative geometry (NCG) [4] is an
elegant possibility. It treats the Higgs boson as a gauge boson along the fifth dimension
which has a noncommutative differential algebra. This class of models has been explored
eagerly in this two decades [5–15]. However, these models still require fine tunings in the
Higgs potential, and do not solve the hierarchy problem.
Meanwhile, several solutions of the hierarchy problem are proposed in the phenomeno-
logical region, such as supersymmetry [16], composite Higgs model [17–20], extended stan-
dard model (SM) with classical conformal invariance [21–28], and so on. The last class
of models based on the Bardeen’s argument [29]. It states that if we impose the classical
conformal invariance which is broken only by quantum anomalies on the SM, it can be
free from the quadratic divergences and solve the hierarchy problem.
In this paper, we derive the standard model with classical conformal invariance from
the Yang–Mills–Higgs model in NCG. In the ordinary context of the NCG, the distance
matrix Mnm which corresponds to the vacuum expectation value (vev) of Higgs fields is
taken to be finite. However, since Mnm is arbitrary in this formulation, we can take all
Mnm to be zero. In the original composite scheme, the Higgs field itself vanishes with the
condition Mnm = 0. Then, we adopt the elemental scheme, in which the gauge and the
Higgs bosons are regarded as elemental fields. It should be emphasized that we can not
interpret finite Mnm as vevs of the Higgs scalars, in the elemental scheme with the matrix
formalization. Since the extended curvature Fnm is not written in only (M + H)nm, we
can not identify (M + H)nm ≡ Φnm as the Higgs fields with vevs, like in the composite
scheme. By these assumptions, all scalars do not have vevs at tree level. The symmetry
breaking mechanism will be implemented by the Coleman–Weinberg mechanism [30].
As a result, we show a possibility to solve the hierarchy problem in this context of
NCG. Unfortunately, the Coleman–Weinberg mechanism does not work in the SM Higgs
sector, because the Coleman–Weinberg effective potential becomes unbounded from below
for mt > mZ [31]. However, viable models can be possible by proper extensions such as
in Refs. [21–28]. We leave it for our future work.
Recent observation shows that the self coupling of the Higgs boson is very close to the
critical value, λ(MPl) ≃ 0 [32, 33]. Although the self coupling is finite in this model, the
zero self coupling λ(MPl) = 0 is achieved by imposing the condition dyn ∧ dym = 0. It
might suggest that the Higgs boson is a remnant of some noncommutative theory at the
Planck scale.
This paper is organized as follows. In the next section, we review the Higgs model
in NCG. In Sect. 3, we present the reconstruction of the standard model. Section 4 is
devoted to conclusions.
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2 Generalized gauge theory with ordinary exterior
derivative in M 4 × ZN
Here, we define several definitions and main formalization in the generalized gauge theory
with ordinary exterior derivative. The following construction of theory is basically based
on the formalization by Morita and Okumura [34].
In the N -sheeted Minkowski space M4×ZN , the coordinates are denoted by (xµ, n =
1−N). In this setup, the exterior derivative is enlarged as d = d+ d5 as follows:
df ≡ df + d5f ≡ ∂µfdxµ + [M, f ]dy, (1)
where f is an arbitrary matrices f = fnm. The differential form dy is dependent to
n: dy = Diag(dy1, dy2, · · · , dyN). Basically, “zero (one)-form” of dy is represented by
diagonal (off-diagonal) matrix f = fnδnm (f = fnm, fnn = 0). M
†
nm =Mmn with Mnn = 0
is the matrix corresponds to the typical scales of the discrete spaces and determines the
pattern of the symmetry breakings. Since Mnm are arbitrary parameters, the formulation
still works when Mnm = 0. In this case, the Higgs boson has no vevs at tree level, as
shown later. From now on, M = 0 and d = d is assumed. Then the nilpotency of d is
obvious.
As the wedge products of differential dxµ and dyn [34],
dxµ ∧ dxν = −dxν ∧ dxµ, dxµ ∧ dyn = −dyn ∧ dxµ, dym ∧ dyn 6= dyn ∧ dym 6= 0, (2)
are assumed. This dyn does not have the noncommutative property, dynfnm = fnmdyn,
because the noncommutative differential algebra is undertaken by the matrix algebra,
such as in many papers [5, 34].
In the original paper by Connes and Lott [4], and its successors [5,6,8] treat the gauge
and Higgs bosons as some kind of composite fields. In this picture, a gauge (Higgs) field
consists of “constituent fields” ain(x), b
i
n(x):
Anm(x) =
∑
i
ain(x)dnmb
i
m(x) ≡ An(x)δnm + Φnm(x)dy, (3)
An(x) =
∑
i
ain(x)db
i
n(x), Φnm(x) =
∑
i
ain(x)Mnmb
i
m(x)−Mnm. (4)
Although this formulation is conceptually interesting, the detailed dynamics of the binding
mechanism in Eqs. (3) and (4) is not specified. Indeed, this kind of composite theory has
been explored in the induced gauge theory [35–37], preon models [38–40], composite Higgs
models [17–20], and so on. However, it is highly nontrivial whether the system of the gauge
and Higgs bosons (3) and (4) is phenomenologically viable. Additionally, as we can be
seen from Eq. (4), the scalar field Φ(x) vanishes Φ(x) → 0, in the limit of Mnm → 0.
Then, we can not write down a theory of the scalar fields without vevs in this composite
scheme.
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For these reasons, it seems to be more natural to regard the gauge and Higgs bosons as
elemental fields, like several papers [41–44]. The elemental generalized connection A(x)
is introduced as
A(x) = AM(x)dx
M = Aµ(x)dx
µ +H(x)dy = A(x) +H(x)dy. (5)
Henceforth, we often omit the argument x if there is no confusion. In the matrix forms,
A =


A1 H12dy2 · · · H1NdyN
H21dy1 A2 · · · H2NdyN
...
...
. . .
...
HN1dy1 HN2dy2 · · · AN

 , (6)
or in components,
Anm(x) = Anµ(x)δnmdx
µ +Hnm(x)dym. (7)
Here, An is the kn × kn matrix-valued gauge bosons of some gauge groups G1n× · · · ×Grn.
Then, the scalar filed Hnm is kn × km matrix.
The covariant exterior derivative is defined by
D = d+A = (∂µ + Anµ)dx
µ +Hdy, (8)
and requiring D′G = GD with Gnm = Gn(x)δnm, the gauge transformation of A is found
to be
A
′ = GAG−1 − (dG)G−1 (9)
= (GAµdx
µ +GHdy − ∂µGdxµ)G−1 (10)
= A′µdx
µ +H ′dy. (11)
In components,
A′nµ = GnAnµG
−1
n − (∂µGn)G−1n , H ′nm = GnkHklG−1lm . (12)
Then, Anµ(Hnm) transforms as a usual gauge (bi-fundamental scalar) field. The gauge
transformation of the fifth component becomes an incomplete form because d5 = 0
1. Note
that the gauge invariance does not forbid the mass term of Hnm.
We impose the following Hermite condition to the connection, for the sake of the
Hermiticity of the Lagrangian,
A
† = −A, ⇒ A†nµ = −Anµ, H†nm = −Hmn. (13)
1Perhaps one might suspect that the fifth gauge boson does not associate with the fifth derivative
operator. However, it might be interpreted as some kind of remnant zero mode, which usually occur in
a theory with normal extra dimension.
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The field-strength two-form F is defined as a usual form:
F = dA+A ∧A = (dA+ dHdy) + (A+Hdy) ∧ (A+Hdy) (14)
= dA+ A ∧ A+ (∂µH + AµH −HAµ) dxµ ∧ dy +Hdy ∧Hdy, (15)
or, in components,
Fnm = (dAn + An ∧ An)δnm + (∂µHnm + AnµHnm −HnmAmµ) dxµ ∧ dym +HnlHlmdyl ∧ dym.
It should be emphasized that we can not interpret finite Mnm as vevs of the Higgs
scalars, in the elemental scheme with the matrix formalization. The reason is as follows.
When we calculate the extended curvature F with finite Mnm, Higgs interaction terms
proportional to dyl ∧ dym are found to be
Fnm ∋ (MnlHlm −HnlMlm +HnlHlm) dyl ∧ dym (16)
= [MnlMlm − (M +H)nl(M −H)lm] dyl ∧ dym. (17)
Since this curvature is not written in only (M +H)nm, we can not identify (M +H)nm ≡
Φnm as the Higgs fields with vevs, like in the composite scheme.
In order to build the gauge-invariant Lagrangian, the inner products of two-forms are
calculated to be2 [34]
〈dxµ ∧ dxν , dxρ ∧ dxσ〉 = gµρgνσ − gµσgνρ, (18)
〈dxµ ∧ dyn, dxν ∧ dym〉 = −α2δnmgµν , (19)
〈dyn ∧ dym, dyl ∧ dyk〉 = α4δnlδmk, (20)
while other products between the basis two-forms to be vanish.
Summarizing these results, the bosonic Lagrangian is described as
LB = −Tr〈F †, SF 〉 = −
∑
n,m
〈F †nm, SnFnm〉, (21)
where S = diag(g−21 E1, g
−2
2 E2, · · · g−2N EN ), gn and En is the gauge coupling and the unit
matrix of the nth gauge fields An. Tr denotes the trace over both external linear space
with n,m = 1−N and internal gauge space. In components,
LB =
∑
n
1
g2n
tr
[
−1
2
F †nµνF
µν
n + α
2
∑
m
|DµHnm|2 − α4
∑
l
|HnlHlm|2
]
, (22)
where Fnµν = (∂µAn ν − ∂νAnµ + [Anµ, Anν ]) , and tr denotes the trace over internal gauge
spaces. By rescaling the boson fields
Anµ → ignAnµ, Hnm → gngm
α
√
g2n + g
2
m
iHnm (n < m), (23)
2In Eq. (20), the second δnkδml term vanishes because dyn ∧ dym 6= dym ∧ dyn is assumed in Eq. (2).
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we obtain the final Lagrangian with canonical kinetic terms and the following self inter-
action term:
V (H) =
∑
n,m,l
g4l (g
2
n + g
2
m)
(g2n + g
2
l )(g
2
l + g
2
m)
|HnlHlm|2. (24)
Then, in this scheme, the self couplings of the Higgs scalars are comparable to square of
the gauge couplings.
The fermionic Lagrangian is also constructed from the generalized connection. The
Dirac operator in this space is produced by replacing the basis forms dxM in the covariant
derivative (8) to the gamma matrices ΓM :3
D = d+A = (∂µ + Anµ)dx
µ +Hdy, (25)
D/ = DMΓ
M = (∂µ + Anµ)γ
µ +Hiγ5, (26)
where ΓM = (γµ, iγ5) satisfies the Clifford algebra {ΓM ,ΓN} = 2gMN .
The fermion fields, assigned in each n = 1 − N , are represented by row and column
vector
Ψ = (ψ1, ψ2, · · · , ψN)T , Ψ¯ = (ψ¯1, ψ¯2, · · · , ψ¯N), (27)
and the fermionic Lagrangian is defined by a bi-linear form:
LF = Ψ¯iD/Ψ =
∑
n,m
ψ¯ni[(∂µ + Anµ)δnmγ
µ +Hnmiγ
5]ψm, (28)
which satisfies L†F = LF with the rescaling (23).
2.1 M4 × Z2 toy model
As a typical example, we present M4 × Z2 toy model. For the following connection A,
A = Aµndx
µ +Hnmdy =
(
A1 H12dy2
H21dy1 A2
)
, (29)
the gauge transformation is defined by
A
′ =
(
G1 0
0 G2
)(
A1 H12dy2
H21dy1 A2
)(
G−11 0
0 G−12
)
+
(
dG1 ·G−11 0
0 dG2 ·G−12
)
. (30)
The field-strength is calculated as
F = dA+A ∧A =
(
F1 +H12H21 dy2 ∧ dy1 DµH12 dxµ ∧ dy2
DµH21 dx
µ ∧ dy1 F2 +H21H12 dy1 ∧ dy2
)
, (31)
3The original paper by Okumura construct the Dirac operator by introducing proper inner products
like Eqs. (18-20).
5
where Fn = dAn + An ∧ An and DµHnm = ∂µHnm + AnHnm −HnmAm.
With the rescaling (23), the Lagrangian with canonical kinetic terms is found to be
LB = −Tr〈F †, SF 〉 (32)
= −1
2
trF1µνF
µν
1 −
1
2
trF2µνF
µν
2 + tr[|DµH|2 − λ|H†H|2], (33)
where we rename H12 → H . The self-coupling of the Higgs boson is λ = g21g22/(g21 + g22).
3 Reconstruction of the standard model without mass
scale
In this section we proceed to the reconstruction of the SM without mass scale in the non-
commutative geometry. For simplicity, we consider only one generation and omit internal
flavor space. The introduction of the Yukawa interaction is found in many literatures,
such as in Ref. [45]. The internal gauge space is assumed to be eight dimension. The
identity matrix is represented
18 = 12 ⊗ 14, (34)
where 1n is the identity matrix of the n dimensional space. Each subspaces are correspond
to those of SU(2)L,R and SU(3)c ×U(1)B−L respectively.
In this space, the elemental extended connection is defined in 2× 8 = 16 dimensional
space (we rename the index of the discrete space (1, 2)→ (L,R)):
A = Aµ(x, y)dx
µ + A5(x, y)dy =
(
AL HdyR
H†dyL AR
)
. (35)
Here,
ALµ(x) = − i
2
σaAaµ(x)⊗ 14 −
i
2
YLBµ(x)− i
2
12 ⊗ λ′αGαµ(x), (36)
ARµ(x) = − i
2
YRBµ(x)− i
2
12 ⊗ λ′αGαµ(x), (37)
where σa are the Pauli matrices with a = 1 − 3 and λ′α are the generator of SU(3) with
α = 1− 8, which is embedded in the 4× 4 representation space as follows:
λ′α =


0
λα 0
0
0 0 0 0

 . (38)
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Here, λα is the Gell-Mann matrices which satisfies tr[λαλβ] = 2δαβ. The hypercharges
YL,R are
YL = (
1
3
,
1
3
,
1
3
,−1, 1
3
,
1
3
,
1
3
,−1), (39)
YR = (
4
3
,
4
3
,
4
3
, 0,−2
3
,−2
3
,−2
3
,−2). (40)
The gauge transformation matrix G = diag(GL, GR) is represented by
GL = exp[iσ
aαa ⊗ 14] · exp[iYLβ] · exp[i12 ⊗ λ′αγα], (41)
GR = exp[iYRβ] · exp[i12 ⊗ λ′αγα], (42)
where γα, αa, β, are gauge transformation function of the SM gauge groups SU(3)c ×
SU(2)L×U(1)Y respectively. From Eqs. (41) and (42), the gauge transformation property
of H is determined
H ′ = GLHG
−1
R (43)
= exp[iσaαa ⊗ 14] exp[i12 ⊗ λ′αγα] H exp[−i12 ⊗ λ′αγα] exp[−iσ3β ⊗ 14]. (44)
Then, generallyH transforms as (1+ 8, 2,±1/2) representation under the gauge groups of
the SM. This Higgs model inspired NCG (including the original composite scheme) allow
a color-octet Higgs scalar. Phenomenologically it is interesting possibility and several
author discussing on such scalar bosons [46, 47], we exclude this alternative.
Imposing the following constraint,
H = h⊗ 14, (45)
with a 2× 2 matrix h, the gauge transformation of the Higgs boson becomes
H ′ = G1HG
−1
2 = exp[iσ
aαa ⊗ 14]H exp[−iσ3β ⊗ 14]. (46)
Then we assign
H =
(
H0u H
+
d
H−u H
0
d
)
⊗ 14 ≡ (Hu, Hd)⊗ 14. (47)
Therefore, it leads to some restricted class of the two Higgs doublet models (2HDM) [48].
If we impose an additional constraint Hu = H˜d, where H˜ = iσ
2H∗, it result in the SM
which has only one Higgs doublet.
When the connection An is a direct sum of multiple gauge bosons like (36), (37), there
are several methods to assign the different gauge couplings. Here, we assume the gauge
coupling matrix S is dependent to the internal space as follows:
S = diag(SL, SR), (48)
SL,R = 12 ⊗ (1
3
aL,R,
1
3
aL,R,
1
3
aL,R, bL,R). (49)
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From the Lagrangian (21) with rescaling of the connections, the bosonic Lagrangian is
calculated as
LB =− 1
4
F aµνF
aµν − 1
4
BµνB
µν − 1
4
GαµνG
αµν
+ tr (DµH)
†(DµH)− λ tr|H†H|2, (50)
where
F aµν = ∂µA
a
ν − ∂νAaµ + gǫabcAbµAcν , (51)
Bµν = ∂µBν − ∂νBµ, (52)
Gaµν = ∂µG
α
ν − ∂νGαµ + gcfαβγGβµGγν , (53)
DµH = ∂µ − i
2
gσaAaµH −
i
2
Hg′σ3Bµ. (54)
Here, the gauge couplings are found to be
1
g2
= aL + bL,
1
g′2
=
1
9
aL + bL +
10
9
aR + 2bR,
1
g2c
= 2(aL + aR), (55)
and the Higgs self coupling is
1
λ
= aL + bL + aR + bR. (56)
These couplings are not independent and the following formula holds,
4
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1
g2c
+
1
g2
+
1
g′2
=
2
λ
. (57)
In principle, we can break this relation taking the gauge coupling matrix SR = (xR, yR)⊗
(1
3
aR13, bR). Indeed this is the most general form of SR which commutes with AR. In any
case, the size of the Higgs self coupling is roughly equal to square of the gauge couplings,
λ ∼ g2.
The Higgs potential is found to be
V (Hu, Hd) = λ|H†H| = λTr
(
H†uHu H
†
uHd
H†dHu H
†
dHd
)(
H†uHu H
†
uHd
H†dHu H
†
dHd
)
= λ(|H†uHu|2 + 2|H†uHd|2 + |H†dHd|2). (58)
This is rather restricted form of the general potential of the 2HDM.
3.1 The fermionic sector
The construction of the Dirac Lagrangian is achieved by the discussion along Eqs. (25)-
(28). In this space, the SM fermions are assigned as
ψ(x, L) =


uL
νL
dL
eL

 , ψ(x,R) =


uR
0
dR
eR

 . (59)
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where the color index is omitted. The covariant derivative is written as
DM = dM +AM =
((
∂µ + ALµ 0
0 ∂µ + ARµ
)
,
(
0 H
−H† 0
))
. (60)
By rescaling the connections AL,R → igAL,R, H → i
√
λH , the Dirac Lagrangian (28) is
found to be
LD = Ψ¯iΓMDMΨ =
(
ψ¯L ψ¯R
)( iD/L √λH√
λH† iD/R
)(
ψL
ψR
)
, (61)
where D/L,R are the covariant derivatives
D/L = γ
µ∂µ ⊗ 18 − i
2
(gσaAaµ ⊗ 14 + g′YLBµ + gc12 ⊗ λ′αGαµ), (62)
D/R = γ
µ∂µ ⊗ 18 − i
2
(g′YRBµ + gc12 ⊗ λ′αGαµ). (63)
Then, we found that the Yukawa coupling is related to the self coupling of the Higgs
y =
√
λ ∼ g in this toy model.
4 Conclusions
In this paper, we derived the standard model with classical conformal invariance from
the Yang–Mills–Higgs model in NCG. In the ordinary context of the NCG, the distance
matrix Mnm which corresponds to the vacuum expectation value (vev) of Higgs fields is
taken to be finite. However, since Mnm is arbitrary in this formulation, we can take all
Mnm to be zero. In the original composite scheme, the Higgs field itself vanishes with the
condition Mnm = 0. Then, we adopt the elemental scheme, in which the gauge and the
Higgs bosons are regarded as elemental fields. It should be emphasized that we can not
interpret finite Mnm as vevs of the Higgs scalars, in the elemental scheme with the matrix
formalization. Since the extended curvature Fnm (17) is not written in only (M +H)nm,
we can not identify (M +H)nm ≡ Φnm as the Higgs fields with vevs, like in the composite
scheme. By these assumptions, all scalars do not have vevs at tree level. The symmetry
breaking mechanism will be implemented by the Coleman–Weinberg mechanism [30].
As a result, we show a possibility to solve the hierarchy problem in this context of
NCG. Unfortunately, the Coleman–Weinberg mechanism does not work in the SM Higgs
sector, because the Coleman–Weinberg effective potential becomes unbounded from below
for mt > mZ [31]. However, viable models can be possible by proper extensions such as
in Refs. [21–28]. We leave it for our future work.
Recent observation shows that the self coupling of the Higgs boson is very close to the
critical value, λ(MPl) ≃ 0 [32, 33]. Although the self coupling (56) is finite in this model,
the zero self coupling λ(MPl) = 0 is achieved by imposing the condition dyn∧ dym = 0. It
might suggest that the Higgs boson is a remnant of some noncommutative theory at the
Planck scale.
9
Acknowledgements
The author would like to appreciate K.-y. Oda for useful discussions and valuable com-
ments. This study is supported by the Iwanami Fujukai Foundation, and partly supported
by the Knight Errantry of the Japan Particle Theory Forum.
References
[1] ATLAS Collaboration, G. Aad et al., Phys.Lett. B716, 1 (2012), arXiv:1207.7214.
[2] CMS Collaboration, S. Chatrchyan et al., Phys.Lett. B716, 30 (2012),
arXiv:1207.7235.
[3] G. ’t Hooft, NATO Adv.Study Inst.Ser.B Phys. 59, 135 (1980).
[4] A. Connes and J. Lott, Nucl.Phys.Proc.Suppl. 18B, 29 (1991).
[5] A. H. Chamseddine, G. Felder, and J. Frohlich, Phys.Lett. B296, 109 (1992).
[6] A. H. Chamseddine, G. Felder, and J. Frohlich, Nucl.Phys. B395, 672 (1993),
arXiv:hep-ph/9209224.
[7] A. Connes, Noncommutative geometry (Academic Press, London, 1994).
[8] A. H. Chamseddine and A. Connes, Commun.Math.Phys. 186, 731 (1997),
arXiv:hep-th/9606001.
[9] F. Lizzi, G. Mangano, and G. Miele, Mod.Phys.Lett. A16, 1 (2001), arXiv:hep-
th/0009180.
[10] C. A. Stephan, J. Phys. A39, 9657 (2006), arXiv:hep-th/0509213.
[11] A. H. Chamseddine, A. Connes, and M. Marcolli, Adv. Theor. Math. Phys. 11, 991
(2007), arXiv:hep-th/0610241.
[12] A. H. Chamseddine, A. Connes, and W. D. van Suijlekom, JHEP 11, 132 (2013),
arXiv:1304.8050.
[13] A. Devastato, F. Lizzi, and P. Martinetti, Fortsch. Phys. 62, 863 (2014),
arXiv:1403.7567.
[14] M. J. S. Yang, Prog. Theor. Exp. Phys. 2015, 043B10 (2015), arXiv:1501.03888.
[15] M. J. S. Yang, Prog. Theor. Exp. Phys. 2015, 093B04 (2015), arXiv:1506.03166.
[16] H. E. Haber and G. L. Kane, Phys. Rept. 117, 75 (1985).
[17] H. Georgi and D. B. Kaplan, Phys.Lett. B145, 216 (1984).
10
[18] H. Georgi, D. B. Kaplan, and P. Galison, Phys.Lett. B143, 152 (1984).
[19] K. Agashe, R. Contino, and A. Pomarol, Nucl.Phys. B719, 165 (2005), arXiv:hep-
ph/0412089.
[20] R. Contino, (2010), arXiv:1005.4269.
[21] R. Hempfling, Phys. Lett. B379, 153 (1996), arXiv:hep-ph/9604278.
[22] K. A. Meissner and H. Nicolai, Phys. Lett. B648, 312 (2007), arXiv:hep-th/0612165.
[23] M. Holthausen, M. Lindner, and M. A. Schmidt, Phys. Rev. D82, 055002 (2010),
arXiv:0911.0710.
[24] S. Iso, N. Okada, and Y. Orikasa, Phys. Lett. B676, 81 (2009), arXiv:0902.4050.
[25] S. Iso, N. Okada, and Y. Orikasa, Phys. Rev. D80, 115007 (2009), arXiv:0909.0128.
[26] Y. Hamada, H. Kawai, and K.-y. Oda, Phys. Rev. D87, 053009 (2013),
arXiv:1210.2538, [Erratum: Phys. Rev.D89,no.5,059901(2014)].
[27] S. Iso and Y. Orikasa, PTEP 2013, 023B08 (2013), arXiv:1210.2848.
[28] C. Englert, J. Jaeckel, V. V. Khoze, and M. Spannowsky, JHEP 04, 060 (2013),
arXiv:1301.4224.
[29] W. A. Bardeen, FERMILAB-CONF-95-391-T (1995).
[30] S. R. Coleman and E. J. Weinberg, Phys. Rev. D7, 1888 (1973).
[31] K. Fujikawa, Prog. Theor. Phys. 61, 1186 (1979).
[32] G. Degrassi et al., JHEP 08, 098 (2012), arXiv:1205.6497.
[33] D. Buttazzo et al., JHEP 12, 089 (2013), arXiv:1307.3536.
[34] Y. Okumura, Prog. Theor. Phys. 96, 1021 (1996), arXiv:hep-th/9606114.
[35] J. D. Bjorken, Annals Phys. 24, 174 (1963).
[36] H. Terazawa, K. Akama, and Y. Chikashige, Prog.Theor.Phys. 56, 1935 (1976).
[37] H. Terazawa, K. Akama, and Y. Chikashige, Phys.Rev. D15, 480 (1977).
[38] M. Shupe, Phys.Lett. B86, 87 (1979).
[39] H. Harari, Phys.Lett. B86, 83 (1979).
[40] H. Fritzsch and G. Mandelbaum, Phys.Lett. B102, 319 (1981).
[41] M. Dubois-Violette, R. Kerner, and J. Madore, J.Math.Phys. 31, 316 (1990).
11
[42] R. Coquereaux, G. Esposito-Farese, and G. Vaillant, Nucl.Phys. B353, 689 (1991).
[43] A. Sitarz, Phys.Lett. B308, 311 (1993), arXiv:hep-th/9304005.
[44] K. Morita and Y. Okumura, Prog.Theor.Phys. 91, 959 (1994).
[45] Y. Okumura, Eur. Phys. J. C4, 711 (1998), arXiv:hep-ph/9707350.
[46] A. V. Manohar and M. B. Wise, Phys. Rev. D74, 035009 (2006), arXiv:hep-
ph/0606172.
[47] J. Cao, P. Wan, J. M. Yang, and J. Zhu, JHEP 08, 009 (2013), arXiv:1303.2426.
[48] T. D. Lee, Phys. Rev. D8, 1226 (1973).
12
